
SEMI-ANNUAL REPORT NO. 5 
DECEMBER 1966 

CREEP AT ELEVATED TEMPERATURES 
AND HIGH VACUUM 

$- 
CFSTI PRICE(S) $ 

k ~ r d  copy (HC) 

Microfiche (MF) 

BY 

ff 653 July 65 

.. 
K. SCHRODER, A. GIANNUZZI AND G. GORSHA 

This report was produced under a sponsored 
contract. The conclusions and recommendations 
expressed are those of the Author(s) and are 
not necessarily endorsed by the Sponsor. Repro- 
duction of this report, or any portion thereof, 
must bear reference to the original source and 
Sponsor. 

S Y  RRCUSE UlllVERSIT!l RESEARCH I n S T l T U T E  
DEPARTMENT OF CHEMICAL ENGINEERING AND METALLURGY 

Approved by: 

K. SCHR~DER 

S.U.R.I. Report No. 
MET. E. 1189-1266-SA 

Sponsored by: 

OFFICE OF RESEARCH GRANTS 

mRONAUTICS AND SPACE 
ADMINISTRATION 

AND CONTRACTS - NATIONAL 

Date: 
DECEMBER 1966 



, 

TABLE OF CONTENTS 

PAGE 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . .  

I. INTRODUCTION.  . . . . . . . . . . . . . . . . . . .  

11. EXPERIMENTfi PROOUFtE AND RESULTS . . . . . . . . .  

REFERENCES..  . . . . . . . . . . . . . . . . . . .  

FIGURES . . . . . . . . . . . . . . . . . . . . . . .  
- L "-F r n. U L I W ~ ~ Z Z F  

i 



Creep tes ts  i n  high vacuum and elevated temperatures were continued on copper 

of 99.* p u r i t y  and s i lver  of 99.999 p u r i t y .  

changed, and t h e  experimental r e s u l t s  were analogue t o  previously obtained data: 

t h e  minimum creep rate decreased, i f  an i n i t i a l l y  argon bombarded and tes ted 

sample was annealed i n  a i r  and r e t e s t ed  i n  t h e  same vacuum and temperature. 

The t e s t i n g  procedure was un- 

Such r e s u l t s  are su rp r i s ing .  A s i l v e r  sample should i n t e r a c t  a t  e levated 

temperatures with a i r  q u i t e  d i f f e r e n t l y  than copper, because s i l v e r  oxide i s  not 

stable i n  our t e s t i n g  conditions,  whereas copper samples showed q u i t e  s t rong  

oxide f i l m s .  It is  the re fo re  more l i ke ly ,  t h a t  t h e  reduct ion of t h e  creep ra te  

i s  not due t o  an oxide f i l m .  

of oxygen i n  t h e  sample, where it may e i t h e r  harden g r a i n  boundaries, retard 

t h e  operat ion of d i s l o c a t i o n  sources, or increase f r i c t i o n a l  fo rces  on moving 

d i s loca t ions .  It is a l s o  possible  t h a t  a p a r t i a l  oxygen monolayer could i n t e r -  

f e r e  with s l i p  l i n e  formation. 

It i s  more l i k e l y  associated with t h e  absorpt ion 
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INTRODUCTION 

S tudies  of t he  p l  s t i c  deformation of metals have shown, t h a t  a vacuum 

environment a f f e c t s  t h e  mechanical s t rength  of ( A  more d e t a i l e d  

d iscuss ion  of re levant  l i t e r a t u r e  i s  given i n  Appendix A, which contains  t h e  

d r a f t  of Mr.  Giannuzzi 's  M.S. t h e s i s . )  

c rease  i f  t e s t e d  i n  vacuum. Such s t rength  changes a r e  f requent ly  explained w i t h  

t h e  s t r u c t u r e  of sur face  f i l m s .  It has been, f o r  instance,  proposed, t h a t  an 

oxide l a y e r  on t h e  sample sur face  could weaken t h e  specimen. Sweetland and 

Parker proposed t h a t  an oxide f i l m  ac t s  sometimes i n  a similar way as g r a i n  

boundaries, or as a l a r g e  second phase inc lus ion  i n  t h e  matrix. They suggest 

t h a t  such an oxide l a y e r  may operate  as a d i s l o c a t i o n  source.  One would expect 

t h a t  t h i s  would weaken t h e  sample. 

crack formation of t h e  b r i t t l e  oxide f i l m .  Such cracks a c t  as s t r e s s  r a i s e r s ,  

and may be  responsible  f o r  excessive p l a s t i c  flow i n  t h e  sample. 

important f o r  t h e  i n i t i a t i o n  of necking, t he  l as t  s t age  of creep before  f r a c t u r e .  

Most experimental evidence indicates ,  however, t h a t  t h e  sur face  de fec t s  

The s t r eng th  can both increase or de- 

2 

Another weakening mechanism may be due t o  

Th i s  may be 

atrengt.hen the  sample. For instance,  continuous removal of sur face  l a y e r s  by 

e l e c t r o l y s i s  produced a marked decrease ir, t h e  work hardening r a t e  4 

Our experiments on the  creep r a t e  of  high p u r i t y  copper (99.999%) showed 

corresponding e f f e c t s  e The minimum creep rate, a f t e r  an oxidat ion t reatment  

of t h e  unloaded sample, decreased markedly, i f  t h e  sample w a s  r e t e s t e d  a t  a 

s i m i l a r  p ressure  and temperature as in  t h e  first p a r t  of t h e  test before  oxi- 

datior,. Several  mechanisms have been proposed i n  t h e  l i t e r a t u r e ,  t o  expla in  

such hardening ( see  Appendix A), as for ins tance  t h e  concept of a "debris  

layer"  , o r  d i s loca t ion  pi le-ups on in t e r f aces  as sur face  f i l m s  e 

3 

4 5 No model 
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has been fou-d, however, t o  explain all phenomena. 

Most experiments on high vacuum e f f e c t s  are e v a h a t e d  by co r re l a t ing  high 

I n  our measure- vacuum t e s t  r e s u l t s  with corresponding t e s t s  executed i n  a i r .  

ments, two creep curves, obtained i n  a high vacuum on one sample, a r e  compared. 

Changes i n  t h e  sample should be a t t r i bu ted  only t o  t h e  annealing process be- 

tween t h e  two t e s t s ,  not t o  var ia t ions  i n  the  creep t e s t  environment. This 

should make it e a s i e r  t o  analyze our data. 

Our experimental approach has also t h e  advantage t h a t  it may help i n  corre- 

l a t i n g  some high vacuum t e s t i n g  results with t h e  behavior of outer  space se rv ice  

condition. Metals i n  t rans- lunar  o r b i t s  w i l l  be exposed t o  r ad ia t ion  and micro- 

meteroids, which w i l l  s t r i p  t h e  metal of p ro tec t ive  sur face  f i l m s .  

correspond t o  a high vacuum test  of  a sample cleaned by argon bombarding. 

second p a r t  of t h e  creep tes t  on t h e  oxidized sample i n  high vacuum would 

correspond t o  a "normal" high vacuum t e s t  (no sur face  prepara t ion  i n  ultra 

c lean  condi t ions) ,  and t h e  experiments on 99.999 $ Cu copper showed t h a t  t h i s  

"normal high vacuum t e s t "  yielded lower minimum creep r a t e s  than t h e  i d e n t i c a l  

test. on t h e  argon bombarded sample. 

This would 

The 

It was, however, r ea l i zed  t h a t  we have p resen t ly  no accurate  model of  our 

sample sur face  t o  conclude with ce r t a in ty  t h a t  t h e  high vacuum tests on t h e  

argon bombarded sample corresponded t o  t h e  r e a l l y  w e l l  defined "atomically 

c lean  surface" state. We the re fo re  i n i t i a t e d  tests on s i l v e r  samples. The 
, 
b s o l u b i l i t y  of oxygen and ni t rogen is very low i n  both s i l v e r  and copper . 

Both a r e  f.c.c. c r y s t a l s  with s imilar  p l a s t i c  p rope r t i e s .  S i l v e r  oxide is, 

however, on ly  s t a b l e  a t  atmospheric pressures  below l 9 O " C .  T h i s  means, t h a t  

no s i l . ve r  oxide would form i n  our  t e s t i n g  condi t ions.  Changes i n  creep rate 

2 
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during heat ing i n  a i r  could not be due t o  s i l v e r  oxide, bu t  would probably be due 

t o  d i f fus ion  of oxygen i n t o  g ra in  boundaries, t h e  s i l v e r  matrix, or t o  t he  i n t e r -  

a c t i o n  of a p a r t i a l  oxygen monolayer with t h e  formation of  s l i p  s teps .  Argon 

bombarding should remove such oxide monolayer. 

The pressure  during t e s t i n g  was c lose  t o  t h e  vapor pressure  of t h e  sample 

i n  our tests on high p u r i t y  copper and i n  s i l v e r .  

would inf luence t h e  creep r a t e .  

evaporat ion i n  t e s t s  at higher  temperature could a f f e c t  t h e  s l i p  s t e p  formation. 

It w a s  t he re fo re  decided t o  t e s t  copper wires of lower p u r i t y  under higher loads  

than  i n  t e s t s  with 99.999 ’$ Cu, because prel iminary experiments had indicated 

t h a t  s i m i l a r  creep curves could be obtained if 99.$ p u r i t y  Cu was t e s t e d  at 

lower temperatures. 

We wanted t o  know i f  t h i s  

It seemed possible ,  t h a t  a higher r a t e  of 

. 
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EXPEXIMENTAL PROCEDURE AND RESLITS 
I 

4 Only minor changes were incorporated i n  t h e  vacuum test  system. The experi- 

mental procedure is e s s e n t i a l l y  t h e  same as before. Appendix A gives a d e t a i l e d  

descr ipt ion.  

Figures 1 t o  5. 

The results are s i m i l a r  as those obtained previously on 99.999% Cu. 

creep rate decreases, a f t e r  t h e  sample has been annealed i n  air .  The only excep- 

t i o n  seems t o  be sample no. 3 (see Figure 3). 

r a p i d l y  after reloading t h a t  t he  m i n i m u m  creep r a t e  could e i t h e r  not be deter-  

mined, or t h e  s tage  of minimum creep d id  not develop, because the  sample began 

t o  neck a t  a defect .  

The creep curves of 9 9 . 9  Cu and 99.999$1 Ag samples a r e  given i n  

Details of t e s t i n g  conditions a r e  l i s t e d  on these  Figures. 

The minimum 

However, t h e  sample f rac tured  so  

Several  models have been proposed t o  explain the  inf luence of surfaces  on 

p l a s t i c  deformation. These models usually propose, t h a t  t h e  surface i s  s t ronger  

than t h e  bulk of t he  sample. It is possible,  t h a t  a surface is weaker than the  

matrix, because d is loca t ions  may be emitted eas i ly ,  and surface i r r e g u l a r i t i e s  

may a c t  as s t r e s s  raisers. 

a surface f i l m  would r e t a r d  t h e  egression of d i s loca t ions .  

from experiments i n  which the  sample sur face  was removed cont inual ly  during 

t e s t h g ,  t h a t  a highly s t r e s sed  layer  is  usua l ly  produced a t  t he  surface,  

which produws a back stress on d is loca t ion  sources. 

However, e l a s t i c i t y  ca lcu la t ions  by Head' show t h a t  

Kramer suggested 

Such models would explain t h e  creep curves on our copper samples. The 

minimum creep rate of the  clean copper sample would be higher than t h e  minimum 

creep rate of the  same sample tes ted  again i n  vacuum a t  t h e  same temperature 

after annealing i n  air, because t h e  oxide f i l m  formed during annealing should 

form an obs tac le  f o r  egressing d is loca t ions .  

4 



Problems a r i s e  w i t h  t h i s  model, if one t r i e s  t o  explain t h e  creep curves of 

b s i l v e r .  S i l v e r  oxide is  not s table  under OUT t e s t i n g  conditions e One could 

only expect, t h a t  a monolayer of oxygen atoms (o r  a f r a c t i o n  of it) may form on 

s i l v e r ,  because such monolayers are s tab le .  

how such a monolayer could strengthen the  c r y s t a l  considerably. Only s m a l l  

amounts of oxygen can d i f fuse  i n t o  the sample because only one monolayer of 

oxygen atoms a t  t h e  sample surface i s  available. .  It is d i f f i c u l t  t o  see how 

such a s m a l l  amount of oxygen can strengthen t h e  sample i f  it d i f fuses  i n t o  

the  c rys t a l ,  and strengthens e i t h e r  the gra in  boundaries, impedes the operat ion 

of d i s l o c a t i o n  sources, or  increases f r i c t i o n a l  forces  on moving d is loca t ions .  

However, it is  d i f f i c u l t  t o  see  

More experiments are required t o  c l a r i f y  these  questions.  

5 
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I I 
ARGON BOMBARDED SAMPLE I 

1 2 3 

I I 
f LOOM TEMPERATURE 

PRESSURE-10 / 8 x 10 m Hg 

TEST PRESSURE 

7 x 10'5m Hg 

TESTING PARAMETERS 

LOAD : 230 @;m 

TESTING TEMP: 535'C 
ANNEALING TEMP: 7 5 5 O C  
FOR 1 HOUR 

SAMPLE FRACTURED I N  
CLEANED STATE 

- 
1 2 3 

TIME-MIN 

FIGURE 2 CREEP TEST OF 0,008 I N C H  Cu 
WIRE OF 99.9 PERCENT PURITY 
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ARGON BOMBARDED SAMPLE 

TESTING PARAMETERS 

LOAD : 230 gm 

TESTING TEMP: 523'C 

SPECIMEN BAKED OUT FOR 1 1/2 
HOURS AT 3OO0C 
ANNEALING TEMP: 75OoC 
FOR 1 HOUR 

SAMPLE FRACTURED I N  
CLEANED STATE 

PRESSURE BEFORE TESTING: 

2 x 10-lornm Hg 

TEST PRESSURE: 3 x Hg 

2 4 
T IME-MIN 

6 7 

FIGURE 3 CREEP TEST OF 0.008 INCH Cu WIRE OF 99.9 PERCENT PURITY 
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ABSTRACT 

A s e r i e s  of creep tests were performed on commercial grade and 

high p u r i t y  copper wire i n  high vacuum and a t  elevated temperatures t o  

determine whether or not surface prepara t ion  ha6 an e f f e c t  on t h e  creep 

p rope r t i e s  of t h e  copper. 

A specimen w a s  "cleaned" by argon ion bombardment and t e s t e d ,  then  

oxidized and t e s t e d  at t h e  same temperature and approximately t h e  same 

pressure.  

creep ra te  than  does t h e  oxidized sample. 

The results indicated t h a t  t h e  "clean" sample ha6 a higher 

It i s  present ly  not possible  t o  propose a de ta i l ed  d i s loca t ion  

model t o  explain t h e  da ta .  

p a r t  i n  t h e  following manner. 

i s  lower than f o r  t h e  "clean" sample because d i s loca t ions  may p i l e  up 

a t  t h e  oxide surface o r  because o f  oxygen d i f fus ion  t o  g r a i n  boundaries 

and t o  d is loca t ions .  

an increase  of f r i c t i o n a l  forces  on d i s loca t ions  o r  t h e  oxygen may 

i n h i b i t  t h e  operat ion of d i s loca t ion  sources.  

However, t h e  r e s u l t s  may be explained i n  

The creep r a t e  of t h e  oxidized sample 

This may produce a more b r i t t l e  g ra in  boundary, 



. 

PREFACE 

ii 

High vacuum creep t e s t s  cannot be  compared d i r e c t l y  with condi t ions  

i n  ou te r  space. I n  t h e  space environment, t h e  outer  sur face  of metals  

i s  cons tan t ly  being cleaned" by bombardment f r o m  high energy photons 

and p a r t i c l e s .  Consequently, metal, after long exposure to  .the ou te r  

space environment, i s  atomical ly  cleaned and remains so. On t h e  o the r  

hand, experiments i n  t h e  laboratory can at best only c lean  a metal f o r  

I1 

a shor t  per iod of time. 

We attempted i n  t h i s  program t o  determine whether or not sur face  

prepara t ion  a f f ec t ed  t h e  creep proper t ies  of  metals i n  high vacuum tes ts .  

The r e s u l t s  of  t h i s  i nves t iga t ion  may be of some as s i s t ance  i n  t h e  

preparat ion of metals  and a l l o y s  f o r  t h e  ou te r  space environment. 

The author  wishes t o  express h i s  g r a t i t u d e  t o  D r .  Klaus Schroder 

f o r  h i s  guidance during t h i s  program. Thanks are a l s o  expressed t o  

M r .  Jack McKeon who helped prepare t h e  specimens for microscopic 

a n a l y s i s ,  t o  Mrs. Barbara Howden who drew t h e  f i g u r e s  and t o  

Miss Helen B u r r  and Miss Martha Coleman who d id  t h e  typing.  

The author  a l s o  wishes t o  express h i s  g r a t i t u d e  t o  t h e  National 

Aeronautics and Space Administration, Washington, D O C .  , f o r  t h e i r  
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I. INTRODUCTION 

I n  recent  yea r s ,  an increasing number of experiments have been con- 

ducted i n  order  t o  determine t h e  e f f ec t  of sur face  f i lms  on t h e  mechanical 

p r o p e r t i e s  of metals .  Inves t iga to r s  have demonstrated t h a t  t h e  sur face  

played an important p a r t  on t h e  mechanical p rope r t i e s  of metals. Severa l  

mechanisms such as t h e  i n t e r a c t i o n  of d i s loca t ions  with a f r e e  su r face ,  

d i s loca t ions  p i l e  ups on oxide f i lms ,  a "debris  layer"  concept, dis-  

l o c a t i o n  s inks  and sources a t  t h e  surface have been proposed t o  explain 

t h e s e  experimental r e s u l t s .  

One of  t h e  e a r l i e r  inves t iga t ions  on t h e  e f f e c t  of sur faces  on t h e  

creep p rope r t i e s  of A1 and Cu w a s  conducted by E .  D .  Sweetland and 

E.  R .  Parker (1). 

furnace ( H e l i u m )  and mechanically removed t h e  sur face  l a y e r  by means 

of a s t r i p p i n g  die .  

sample w a s  creeping i n  t h e  s teady  region, a i r  was admitted. The r e s u l t s  

a r e  given i n  Figure 1. 

They placed t h e  specimens i n  an i n e r t  atmosphere 

They appl ied  a load t o  t h e  sample and when t h e  

The decrease i n  creep r a t e  i n  t h e  a i r  environment was as follows: 

Run I A1 decreased 58.3% 

Bun-11- A1 decreased 18.7% 

R u n  I11 Cu decreased 37.5% 

Sweetland and Parker suggested seve ra l  poss ib le  explanat ions f o r  t h e  

phenomenon: 

1) The oxide f i lm can assume a higher  po r t ion  of  t h e  t e n s i l e  load.  
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They discounted t h i s  p o s s i b i l i t y  because t h e  oxide i t s e l f  as 

deposi ted on t h e  sur face  i s  imperfect,  consequently it i s  q u i t e  

un l ike ly  t h a t  t h i s  f i lm  could assume a major po r t ion  of  t h e  

t e n s i l e  load. 

2 )  

formation o r  growth of d i s loca t ions  on t h e  sur face .  This 

means t h a t  the sur face  d i s loca t ion  sources  are pinned. 

3) 

at t h e  sur face .  

Another i nves t iga t ion  on t h e  creep p rope r t i e s  of metals  w a s  c a r r i e d  

The oxide forms a pro tec t ive  l a y e r  which may i n h i b i t  t h e  

The oxide may tend t o  r e s t r a i n  t h e  escape of  d i s loca t ions  

on by P. Shahinian and M. R .  Achter ( 2 )  i n  t h e i r  s tudy of  n icke l .  The 

creep t e s t  w a s  c a r r i e d  out  i n  vacuum (a t  a pressure  of 2 x mm. Hg 

or lower) and i n  air .  

of  n i cke l .  A t  very l o w  s t r e s s e s  the specimens t e s t e d  i n  a i r  had longer 

rupture  l i v e s  and lower minimum creep r a t e s  than those  t e s t e d  i n  vacuum 

while a t  high stresses t h e  r eve r se  behavior w a s  t r u e .  

They found a p e c u l i a r i t y  i n  t h e  creep behavior 

The results of t h i s  i nves t iga t ion  a r e  presented i n  Table I. 

The authors  proposed t h a t  t h e  creep mechanism involved two compet- 

ing processes .  

One process was t h a t  of oxidation s t rengthening i n  t h e  following 

ways : 

1) 

2 )  

creep r a t e .  

The sur face  oxide l a y e r  acts as a b a r r i e r  t o  d i s loca t ions .  

I n t e r n a l  oxidat ion s t rengthens t h e  ma te r i a l  and reduces t h e  
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3) 

by b lunt ing  t h e  crack t i p ,  thus reducing t h e  stress concent ra t ion  

at t h e  t i p  of t h e  crack. 

Since t h e  l as t  two mechanisms involved oxidat ion and d i f fus ion ,  

The oxidat ion process may reduce t h e  rate of crack propagation 

t h e  authors  proposed t h a t  high creep rates might reduce t h e  d i f f u s i o n  

e f f e c t  and t h a t  t h e  competing process,  one i n  which t h e  su r face  energy 

of a c lean  sur face  was reduced by oxidat ion,  thus  f a c i l i t a t i n g  t h e  pro- 

pagat ion of a crack, may become the  c o n t r o l l i n g  process. 

However, one may be ab le  t o  consider t h e  system i n  a s l i g h t l y  

d i f f e r e n t  manner. Af t e r  t h e  s t r e s s  w a s  appl ied ,  both t h e  oxide l aye r  

and mat r ix  material were i n  tens ion .  Since t h e  oxide was more b r i t t l e  

than  t h e  matr ix  material, it would tend t o  crack a t  s t r e s s e s  which would 

cause t h e  mat r ix  ma te r i a l  t o  flow p l a s t i c a l l y .  The crack formed i s  a 

stress r a i s e r .  

l e a d  t o  f a i l u r e .  

This m a y  i n i t i a t e  necking of  t h e  matrix, which could 

Shahinian and Achter found t h a t  i n  coarse  grained c r y s t a l s ,  even 

a t  high creep r a t e s ,  t h e  a i r  creep t e s t e d  samples had a lower creep 

r a t e  during t h e  i n i t i a l  s tages  of  flow as can be s e e n ’ i n  Figure 2. 

However, when t h e  s t r e s s  was so  high t h a t  t h e  oxide l a y e r  cracked, t h e  

ra te  of oxidat ion a t  t h e  crack t i p  w a s  not g r e a t  enough t o  b lunt  t h e  

t i p  and t h e  crack reached a c r i t i c a l  s i z e  and f r ac tu red  t h e  specimen. 

I f  one again were t o  r e f e r  t o  Table I ,  it can be seen t h a t  i n  

every case t h e  reduct ion i n  a r e a  f o r  t h e  a i r  t e s t e d  samples w a s  lower 

than  f o r  t h e  vacuum t e s t e d  samples. This supported t h e  hypothesis t h a t  
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t h e  a i r  t e s t e d  samples f r ac tu red  i n  a more b r i t t l e  manner than  d id  t h e  

vacuum t e s t e d  samples. 

Kramer and Demer (3 )  found t h a t  t h e  e f f e c t  of sur face  removal 

played an important p a r t  i n  t h e  flow c h a r a c t e r i s t i c s  of aluminum single 

c r y s t a l s .  

They prepared f i v e  sets of c r y s t a l s  by a modified Bridgman tech- 

nique t h a t  were capable of  y ie ld ing  t h i r t y - f i v e  c r y s t a l s  of t h e  same 

o r i e n t  a t  i on. 

The specimens were t e s t e d  i n  a po l i sh ing  ba th  so  t h a t  t h e  sur face  

could be  removed continuously a s  the  t e s t  proceeded. The e f f e c t  of t h e  

r a t e  of sur face  removal on t h e  flow c h a r a c t e r i s t i c s  of aluminum a r e  

given i n  Figure 3. 

It can be seen from t h e  f igu re  t h a t  E and ( t h e  s t r a i n s  a t  which 

s t age  I and s t age  I1 were terminated) increased as t h e  r a t e  of  metal re- 

moved (R) w a s  increased.  

r e spec t ive ly )  correspondingly decreased. 

1 

The slopes of  s tages  I and I1 ( e  and e2 1 

However, t h e  s t r e s s e s  r and T at which s tages  I and I1 ended d i d  1 2 

not  change. 

Since it w a s  demonstrated t h a t  t h e  s lopes of s t ages  I and I1 could 

be inf luenced by t h e  r a t e  a t  which the  metal  was removed from t h e  sur- 

face ,  it w a s  of i n t e r e s t  t o  determine t h e  degree t o  which t h e  work 

hardening coe f f i c t en t  w a s  revers ib le .  

Figure 4. 

i s  completely r e v e r s i b l e  i n  a l l  stages of flow. 

The r e s u l t s  a r e  presented i n  

These r e s u l t s  i n d i c a t e  t h a t  t h e  work hardening c o e f f i c i e n t  
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However, another p e c u l i a r i t y  was observed. I f  t h e  r a t e  of surface 

removal was increased from a low value t o  a high value,  a l a r g e  drop i n  

load  w a s  observed. This r ap id  decrease i n  load seemed t o  be assoc ia ted  

with a d i s loca t ion  "pop out'' phenomenon which was explained i n  t h e  

following manner. During deformation only a c e r t a i n  number of d i s -  

l oca t ions  l e f t  t h e  c r y s t a l  and a number of d i s loca t ions  remained i n  

p i l e d  up a r rays  a t  t h e  sur face .  When t h e  cur ren t  dens i ty  w a s  increased,  

t h e  sur face  energy w a s  decreased, espec ia l ly  a t  p i l e d  up s i t e s ,  and t h e  

d i s loca t ions  ran out i n  an avalanche which caused a sudden elongat ion of 

t h e  specimen. However, i n t e r p r e t a t i o n  of data obtained i n  tes ts  on 

samples i n  e l e c t r o l y t e s  should be t r e a t e d  with caution. The in t e r -  

ac t ion  of t h e  l i q u i d  with the metal can be q u i t e  complex, as corrosion 

research  has shown. 

Kramer ( 4 )  continued t h i s  work w i t h  a series of  t e n s i l e  t e s t s  on 

gold c r y s t a l s ,  s ince  it is  general ly  bel ieved t h a t  gold does not support 

a s i g n i f i c a n t  oxide film. H e  observed tha t  when the r a t e  of sur face  

removal was g r e a t l y  increased,  t he re  was no "pop out" e f f e c t .  

However, t e s t s  on zinc s i n g l e  c r y s t a l s  ( i n  which s l i p  occurs p r i -  

mari ly  on t h e  basal plane)  indicated t h a t  t he  r a t e  of sur face  removal 

had a pronounced e f f ec t  on t h e  flow c h a r a c t e r i s t i c s .  

w a s  again observed. 

The "pop out" 

A t h r e e  point  bend tes t  w a s  employed t o  determine t h e  e f f e c t  of 

sur face  removal on the  p l a s t i c  flow c h a r a c t e r i s t i c s  of commercial 

aluminum a l loys .  A drop i n  load similar t o  t h a t  observed i n  aluminum 
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s i n g l e  c r y s t a l s  w a s  seen t o  occur when both s ides  of  t h e  specimen were 

allowed t o  be removed. However, when only t h e  compression s i d e  w a s  

removed, no drop i n  load was observed. It appeared again when t h e  

t ens ion  s i d e  was exposed t o  t h e  pol ishing ac t ion .  

A s t r e s s  s t r a i n  curve f o r  commercially pure aluminum gave r e s u l t s  

as shown i n  Figure 5 .  When t h e  r a t e  of sur face  removal w a s  increased 

from R = 0 t o  R = 25 x 

decreased considerably.  

duced t o  zero,  t h e  work hardening c o e f f i c i e n t  immediately re turned  t o  

i t s  i n i t i a l  value.  

i n / m i n ,  t h e  work hardening c o e f f i c i e n t  w a s  

However, when t h e  r a t e  of removal w a s  re-  

Kramer f u r t h e r  inves t iga ted  the  y i e l d  point  phenomenon which 

appears i n  gold and aluminum when reloaded a f t e r  a given amount of 

p r i o r  p l a s t i c  s t r a i n .  This behavior w a s  observed (as shown i n  

Figure 6 )  

a sur face  t reatment .  I f ,  however, t h e  sur face  w a s  removed a f t e r  t h e  

specimen was unloaded, t h e  y i e l d  point f a i l e d  t o  appear.  

when t h e  specimen w a s  unloaded and then  reloaded without 

Since it appeared t h a t  a higher dens i ty  of d i s loca t ions  ex i s t ed  

a t  t h e  su r face  than  i n  t h e  i n t e r i o r ,  Krmer proposed t h e  theory  of a 

"debris" l aye r  e x i s t i n g  a t  t h e  surface and extending i n t o  t h e  i n t e r i o r  

of t h e  metal .  

m e t a l  by a p i l e  up and entanglement of d i s loca t ions  

Such a deb r i s  layer  i s  produced near t h e  sur face  of a 
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There had been a question as t o  whether t h e  surface e f f e c t s  p i n  

d i s l o c a t i o n  sources o r  whether the d i s l o c a t i o n s  were generated i n  t h e  

i n t e r i o r  and p i l e d  up a t  t h e  surfaces.  

Kramer (4) attempted t o  resolve t h i s  question by considering t h e  

nature  and spacing of s l i p  bands deformed w i t h  o r  without su r face  

removal. 

He proposed t h a t  i f  surface sources were t h e  dominating f a c t o r ,  

t h e  s l i p  bands of t h e  specimen deformed during pol i sh ing  would be more 

c l o s e l y  spaced and narrower because active surface sources would be 

removed by t h e  po l i sh ing  and new sources would be generated continu- 

ously. 

On t h e  o the r  hand, if t h e  escape of d i s l o c a t i o n s  was being 

altered t h e  opposi te  r e s u l t s  were t o  be expected. Since i n t e r n a l  

sources could operate  f o r  a longer time i f  d i s l o c a t i o n s  could move 

out  of t h e  c r y s t a l  ( s ince  a lower back stress i s  produced), he 

reasoned tha t  a smaller number of sources would be necessary t o  pro- 

duce t h e  same amount o f  s t r a i n .  

The experimental evidence indicated t h a t  t h e  s l i p  bands were 

more widely spaced and broader for specimens pu l l ed  with su r face  

removal, thus ind ica t ing  t h a t  t h e  egress  o f  d i s l o c a t i o n s  from t h e  

su r face  was being affected.  

K r a m e r  (5) t hen  attempted t o  determine t h e  c r i t i c a l  amount of 

su r face  t h a t  would have t o  be removed from aluminum s i n g l e  c r y s t a l s .  
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I n  t h i s  s e r i e s  of tests, he s t r a ined  t h e  samples, removed t h e  load 

and pol ished away t h e  surface.  Then t h e  load was reappl ied.  The re -  

sults a r e  shown i n  Figure 7. The term A T  was t h e  d i f f e rence  between 

t h e  f i n a l  flow s t r e s s  before  the  specimen was unloaded and t h e  i n i t i a l  

flow stress a f t e r  t he  specimen was reloaded. 

ha l f  t h e  t o t a l  reduct ion i n  thickness a f t e r  po l i sh ing .  

versus A x  i s  'given i n  Figure 8 fo r  var ious p r i o r  s t r a i n s .  

' 

increased sur face  removal above a value of A x  = 0.0025 inches. He  

designated t h i s  value as AT-. These results ind ica ted  t h a t  AT- = -T 

which i s  t h e  s t r e s s  f i e l d  due t o  the  su r face  l aye r .  

P 

The parameter A X  was one- 

P 
A graph of A T  

It can be seen from Figure 8 t h a t  AT does not increase  with 
P 

S 

The graph i n  Figure 9 g ives  a p l o t  of T~ versus  t h e  shear  s t r a i n  

y f o r  t w o  aluminum s i n g l e  c r y s t a l s  of  d i f f e r e n t  c rys t a l log raph ic  

o r i en ta t ions .  

It was seen t h a t  t h e  s lope  of s t age  I was a func t ion  of t h e  o r i -  

en t a t ion  of t h e  specimen axis b u t  t h e  s lopes  of s tages  I1 and I11 did 

not change markedly with or ien ta t ion .  

Kramer (5)  proposed t h a t  t h e  e f f e c t i v e  stress ac t ing  on a d i s l o -  

ca t ion  ( T I  w a s  a func t ion  not only  of  t h e  appl ied s t r e s s  Ta and t h e  

i n t e r n a l  s t r e s s e s  T~ b u t  a l s o  w a s  a func t ion  of TS, t h e  sur face  back 

s t r e s s  caused by t h e  deb r i s  l aye r .  

So t h a t  
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Kramer along w i t h  S. E. Podlaseck and H. Shen (6)  i n  invest iga-  

t i o n s  of t h e  e f f e c t  of surfaces  on t h e  t e n s i l e  and creep p rope r t i e s  

of aluminum i n  vacuum, discovered t h a t  t h e  vacuum environment had a 

similar effect  i n  reducing t h e  work hardening and increasing creep 

rates as did t h e  technique of pol ishing t o  remove t h e  surface.  

They argued t h a t  when a specimen is  p l a s t i c a l l y  deformed i n  

vacuum, t h e  rate of oxidat ion on the  s l i p  s t e p  i s  decreased. There- 

fore ,  t h e  r e s i s t a n c e  of t h e  oxide t o  t h e  eg res s  of d i s l o c a t i o n s  i s  

lower i n  vacuum than i n  a i r .  A s  a r e s u l t ,  t h e  escape of dis loca-  

t i o n s  i s  enhanced and the number of d i s l o c a t i o n s  accumulated on t h e  

su r face  l a y e r  is  reduced. T h i s  allows t h e  stress f i e l d  i n  t h e  d e b r i s  

l a y e r  t o  be kept r e l a t i v e l y  l o w  during a tes t  i n  vacuum. 

I n  a d iscuss ion  of t h e  f a t igue  p r o p e r t i e s  o f  p o l y c r y s t a l l i n e  

aluminum, Kramer, Podlaseck and Shen (7) found t h a t  t h e  f a t i g u e  l i f e  

i n  vacuum was g r e a t e r  than i n  air. A similar observation was made 

by K. U. Snowden and J .  M. Greenwood (8) on t h e  f a t i g u e  behavior of 

l ead .  

Kramer and h i s  a s soc ia t e s  proposed t h a t  t h i s  phenomenon could 

be explained by t h e  "debris  layer" concept. 

According t o  t h i s  theory, t h e  concentrat ion and ra te  of accumu- 

l a t i o n  of d i s l o c a t i o n s  i n  t h e  surface reg ion  would be higher i n  a i r  

where t h e  oxide strengthened t h e  metal. I n  t h i s  case, formation of 
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voids and c a v i t y  d i s loca t ions  would be enhanced because of t h e  i n t e r -  

a c t i o n  of t h e  d i s loca t ions .  

However, a t  low pressures,  the oxidat ion on newly created su r faces  

would be much l o w q  than  i n  a i r .  The absence o f  an  e f f e c t i v e  oxide 

b a r r i e r  would permit t h e  d i s loca t ions  t o  escape from t h e  surface so 

t h a t  t h e  rate bf accumulation o f  d i s l o c a t i o n  t a n g l e s  i n  t h e  su r face  

region p e r  cycle  pould be reduced. 

Then t h e  p r o b a b i l i t y  o f  t h e  formation of c a v i t y  d i s l o c a t i o n s  as 

w e l l  as t h e  process  of cont inual  l inkage of  voids would be reduced. 

Also, without a high rate of accumulation o f  d i s loca t ions ,  

p l a s t i c  r e l a x a t i o n  would be enhanced around t h e  f r e s h l y  formed crack 

t i p .  Thus t h e  macrocracks would grow and propagate more slowly. 

Microscopic inves t iga t ions  of t h e  f a t igued  specimens by K r a m e r  

(7) and h i s  a s s o c i a t e s  and by Snowden and Greenwood (8) indicated 

t h a t  many macrocracks were found i n  t h e  vacuum t e s t e d  specimens but 

none reached c r i t i c a l  s i z e .  The inves t iga t ions  a l s o  indicated t h a t  

t h e  surface deformation was greater  i n  t h e  vacuum t e s t e d  specimens. 

These inves t iga t ions  supported the "debris  l aye r "  theory as r e l a t e d  

t o  voids and c a v i t y  d i s l o c a t i o n s  i n  t h e  f a t i g u e  process.  
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11. EXPEZIMEWAL ARRANGEMENT AND PROCEDURE 

Experimental Arrangement 

A schematic diagram of t h e  i n i t i a l  vacuum system i s  given i n  

A Welch Duo Sea l  mechanical roughing pump was connected Figure 10. 

i n  series with a CVC Type GF-20 o i l  d i f f u s i o n  pump, Kontes cold t r a p  

I, t h e  Kontes 3-stage mercury d i f fus ion  pump, a second cold t r a p  11, 

a l a r g e  g l a s s  valve I, a t h i r d  cold t r a p  I11 and t h e  Granville- 

P h i l l i p s  ultra high vacuum valve. The Granvi l le -Phi l l ips  valve, a 

Vac-Ion pump, e l e c t r i c a l  feed throughs and a high vacuum pressure  

gauge were connected e i t h e r  d i r e c t l y  t o  t h e  tes t  sec t ion ,  or by means 

of Varian conf l a t  f langes  t o  t h e  Varian Cross Connection. A b o t t l e  

of high p u r i t y  argon (10 ppm) w a s  connected t o  t h e  vacuum system v i a  

two glass valves t o  be used f o r  ion bombardment o f  t h e  sample. 

' 

A minimum pressure  of 2 x lo-' mm Hg was reached i n  t h i s  system 

a t  room temperature after "bake-out" . 
Figure 11 gives  a schematic drawing of t h e  creep test  apparatus .  

The specimen, t h e  hea ter  s ec t ion  and t h e  load were connected with 

nichrome or tantalum wires t o  t h e  specimen assembly holder A i n  t h e  

Varian crosspiece.  I n i t i a l l y ,  the load was connected v i a  t h e  load 

wire C, which bypassed t h e  hot zone of t h e  hea te r  sec t ion ,  t o  hook B' 

of t h e  nichrome specimen support  wire B. The load was a high p u r i t y  
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i r o n  rod, about 4" long. 

The specimen and hea ter  s ec t ions  were a t tached  t o  t h e  hook B'. During 

t e s t i n g ,  t he  load was released f rom t h e  load support  wire C by means of 

a solenoid,  and a t tached  t o  t h e  specimen. 

r e s i s t a n c e  of  a few ohms and temperatures of  up t o  800"c could be 

obtained. 

Loads of 400 gm, 150 gm and 185 gm were used. 

The specimen hea ter  had a 

Although s i n g l e  c r y s t a l s  were prepared f o r  t e s t i n g ,  t h e r e  was 

some d i f f i c u l t y  i n  po l i sh ing  them uniformly t o  a s u i t a b l e  diameter.  

Consequently, a l l  da t a  reported has been gathered from experiments on 

po lyc rys t a l l i ne  samples. 

I n  creep experiments performed with t h e  vacuum system described, 

commercial grade po lyc rys t a l l i ne  wire with a 0.008" diameter w a s  used. 

Figure 12 shows schematical ly  the  specimen and in su la t ing  tubes which 

prevented e l e c t r i c a l  contact  between t h e  specimen and the  high poten- 

t i a l  Mo sh ie ld .  The Cu wire was looped over each end of t h e  nichrome 

wire support A and A ' .  The nichrome wire A extended from t h e  top  of  

t h e  sample t o  po in t  B and nichrome wire A'  from t h e  lower end of t h e  

sample t o  po in t  B'. The t i p s  of  t he  nichrome wire, B and B' were 

photographed. 

scopic  s tage  of a metallograph. 

Thei r  d i s tance  on the  f i l m  was measured on t h e  micro- 

A s i l i c a  tube w a s  s l ipped over t h e  top  de tec t ion  wire and posi-  

t ioned a t  poin t  C i n  order  t o  insu la te  t h e  specimen from the  nichrome 
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wire. A thermocouple was inser ted  through t h e  ceramic tube D and 

mechanically connected t o  t h e  nichrome wire. 

A schematic diagram of t h e  redesigned vacuum system i s  given i n  

Figure 13. I n  t h i s  system, a Welch-Duo-Seal mechanical pump was con- 

nected i n  s e r i e s  wi th  a MIC Type 149 metal d i f f u s i o n  pump (pumping 

speed 60 L/second), a Kontes g l a s s  valve, a Kontes cold t rap ,  a 1" 

Granvi l le -Phi l l ips  ultra high vacuum valve and two Varian Cross con- 

nect ions t o  t h e  t e s t  c e l l .  I n  addi t ion,  a Vac-Ion pump, a Varian 

Titanium Sublimation pump (pumping speed 50 L/second) and a Red Head 

Ultra  High Vacuum Gauge ( o r  a P a r t i a l  Pressure Gauge) were connected 

t o  t h e  u l t r a  high vacuum sec t ion  by t h e  f langes  of t h e  Varian Cross 

connections. The two vacuum gauges placed as shown, and t h e  Vac-Ion 

pump gave an accura te  measure of  the  pressure  i n  t h e  vacuum system. 

A f l e x i b l e  bellows sec t ion  w a s  used t o  apply and r e l e a s e  t h e  load. 

Figure 1 4  shows schematical ly  t h e  bellows sec t ion .  

r e s t e d  on t h e  l e v e r  support, could be lowered or  r a i sed  by moving t h e  

bellows i n  t h e  appropr ia te  d i rec t ion .  I n  t h i s  manner t h e  load could 

e a s i l y  be appl ied t o  or re leased  from t h e  sample. 

The load, which 

A diagram of  t h e  redesigned t e s t  s e c t i o n  i s  given i n  Figure 15.  

The sec t ion  consis ted of  a tantalum hea te r  c o i l  with th ree  molybdenum 

r a d i a t i o n  sh ie lds .  This s ec t ion  was supported by a s t a i n l e s s  s t e e l  

tube.  The sample was looped around two nichrome wires as descr ibed 

previous ly  and placed i n  pos i t i on  i n  the  t es t  sec t ion .  The thermo- 
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couple was placed through two o f  t he  s i x  s i l i c a  tubes used t o  i n s u l a t e  

t h e  molybdenum r a d i a t i o n  s h i e l d s  from t h e  hea te r  element and suspended 

i n s i d e  t h e  heater  sec t ion .  A f l e x i b l e  e l e c t r i c a l  connection was made 

from t h e  sample t o  one o f  t h e  other terminals  o f  t h e  8-lead e l e c t r i c a l  

feedthrough. This l ead  was used f o r  argon bombarding. A negative 

p o t e n t i a l  was appl ied t o  t h e  sample, t h e  p o s i t i v e  terminal  being 

ground. 

hook and t h e  lever support arm. Measurement o f  t h e  elongat ion of t h e  

sample was made by photographing the  re la t ive displacement of t h e  

nichrome wires. 

t e s t i n g  temperature ranged from 700°C t o  8 5 0 " ~ .  

were e i t h e r  t h e  commercial grade 0.008" copper w i r e  or  t h e  99.998 

high p u r i t y  0.010" copper wire. 

The load was then connected between t h e  lower nichrome wire 

The load used f o r  t h e s e  t es t s  was 42.5 gm., and t h e  

The samples used 

Test ing Procedure 

The t e s t i n g  procedure was the same f o r  both vacuum se tups .  The 

mechanical pump was turned on and t h e  e n t i r e  system was pumped down 

t o  about 10-l Torr. 

reduce t h e  p re s su re  t o  about Torr.  The sample was then  annealed 

f o r  about two hours a t  a temperature which was above t h e  t e s t i n g  

temperature. I n  some o f  t h e  tests t h e  system was "baked out" t o  

reduce t h e  pressure.  However, the "bake out" process  d id  not have 

a s i g n i f i c a n t  effect  i n  reducing the  p re s su re  during which time t h e  

Then t h e  o i l  d i f f u s i o n  pump was ac t iva t ed  t o  



experiment was being conducted s o  t h a t  it was gene ra l ly  not performed. 

After anneal ing t h e  sample was allowed t o  cool t o  room temperature. 

Argon was introduced and t h e  system was f lushed.  After  t h r e e  f lush-  
- 

ings,  and when t h e  pressure  was again reduced t o  about lo-' Torr, 

argon was introduced i n t o  t h e  test s e c t i o n  t o  raise it t o  a pressure  

of 10-1 t o  lo'* Torr and t h e  Granvi l le -Phi l l ips  valve was closed. 

Act ivat ion of t h e  Titanium Sublimation pump should remove only con- 

taminants but  no argon from t h e  system. The specimen was then 

"cleanedtr by bombardment w i t h  argon ions for about 40 t o  90 minutes. 

The p o t e n t i a l  d i f f e rence  between anode and cathode was about TOO 

v o l t s  and t h e  ion  cur ren t  dens i ty  was est imated t o  be of t h e  order  

of 0.5 mA/cm . 
a pressure  of  about l om5  Torr by means of t h e  d i f f u s i o n  pump. 

the  metal valve was closed, and a p re s su re  of l e s s  than Torr was 

obtained by t h e  Vac-Ion pump and the  Titanium Sublimation pump. 

hea ter  element was ac t iva t ed  immediately and t h e  sample reached i t s  

equi l ibr ium test  temperature within 20 t o  30 minutes. 

i n t e r v a l  and t h e  temperature should have been long enough f o r  t h e  

sample t o  recover  from de fec t s  produced by t h e  ion  bombarding. 

temperature v a r i a t i o n  during t h e  tes t  was never g r e a t e r  t h a n ?  1 0 ° C .  

The t e s t  p ressure  w a s  always 2 x 

2 After argon bombarding, t h e  system was evacuated t o  

Then, 

The 

This time 

The 

Torr o r  lower. 

When t h e  sample reached t h e  equi l ibr ium temperature, t h e  load 

was appl ied  and t h e  specimen length  change was recorded photographi- 
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c a l l y .  

i n t e r v a l s ) ,  t h e  sample was unloaded, a i r  was introduced i n t o  t h e  

system and t h e  sample was oxidized. The hea ter  cur ren t  remained con- 

s t a n t ;  however, heat  l o s s  due t o  conduction and convection, i n  a i r  

reduced t h e  oxida t ion  temperature wel l  below t h e  t e s t i n g  temperature.  

After  ox ida t ion  (which was performed i n  a t i m e  i n t e r v a l  of from 

After  about 20 photographs (recorded i n  1/4, 1/2 and 1 minute 

8 minutes t o  1 hour) t h e  pressure  was again reduced t o  about t h e  same 

l e v e l  as t h e  f irst  part  of t h e  creep t e s t .  The load was reappl ied;  

and t h e  l eng th  change was again recorded. 

was usua l ly  about 30 minutes o r  l e s s .  

The e n t i r e  t e s t i n g  time 

A s e r i e s  of  p a r t i a l  p ressure  measurements were made t o  determine 

t h e  pressure  of t h e  component gases i n  t h e  system. The head of  t h e  

gauge was placed j u s t  above the  t e s t  s ec t ion  i n  t h e  t e s t i n g  chamber 

( see  Figure 13).  

The r e s u l t s  are given i n  Table I1 f o r  t h e  following t e s t  condi- 

t ions : 

i) Mechanical and o i l  d i f fus ion  pump operat ing;  sample a t  

room t emperat w e .  
Y 

2) Mechanical and o i l  d i f fus ion  pump operat ing;  sample 

annealed f o r  1-1/2 hours a t  8oo0c, sample a t  annealing 

temperature.  

Mechanical and o i l  d i f fus ion  pump opera t ing  a f t e r  

anneal; sample cooled t o  room temperature.  

3) 
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Mechanical and o i l  d i f fus ion  pump opera t ing  a f t e r  anneal, 

sample a t  room temperature, l i q u i d  n i t rogen  i n  dewar 

surrounding T i  pump. 

Mechanical and o i l  d i f fus ion  pump opera t ing  a f t e r  anneal, 

sample a t  room temperature, l i q u i d  n i t rogen  i n  dewar 

surrounding T i  pump, Titanium Sublimation pump operat ing.  

Mechanical and o i l  d i f fus ion  pump opera t ing  a f t e r  anneal, 

sample a t  room temperature, l i q u i d  n i t rogen  i n  dewar 

surrounding T i  pump a f t e r  T i  pumping concluded. 

Vac-Ion pump operat ing,  no l i q u i d  n i t rogen  i n  dewar. 

Mechanical and o i l  d i f fus ion  pump operat ing;  sample 

has been Argon bombarded. 

Vac-Ion pump a l s o  operating, cleaned sample a t  t e s t  

temperature. 

Sample at tes t  temperature a f t e r  ox ida t ion  f o r  10 

minutes, Vac-Ion pump, mechanical pump and o i l  

d i f f u s i o n  pump operat ing.  

Micrographical Analysis 

I n  order  t o  r evea l  t h e  substructure  of t h e  specimens, some of  

t h e  samples were analyzed microscopically.  The f r ac tu red  sur face  of 

t h e  samples was photographed a t  

samples were mounted, mechanically pol ished and etched i n  an attempt 

a magnif icat ion of 5OX, then  t h e  
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t o  determine t h e  g ra in  s ize  of the specimens and a l s o  t o  determine 

whether or not s l i p  l i n e s  could be observed. 

Photographs I through I V  give t h e  fracture su r face  of some of 

t h e  samples t e s t e d .  

pure Uu which were a l l  annealed at Q, 750°C and t e s t e d  a t  between 

450°C and 550°C.  

annealed a t  8 8 5 " ~  and t e s t e d  a t  860"~. 

q u i t e  b r i t t l e  oxide coating on the surface of t h i s  sample. 

Photographs I through I11 are of 0.008~~, 99.8 

Photograph I V  i s  of a 99.99974 pure Cu sample 

One can see p a r t s  of t h e  

The g r a i n  s i z e  of t h e  samples i n  t h e  as received condi t ion and 

i n  t h e  annealed condi t ion is  given i n  Photographs V through V I I .  

Although t h e  g r a i n  s i z e  of t h e  99.998 pure sample, Photograph V I ,  

(annealed and t e s t e d  a t  800°C or above) i s  large, no s i n g l e  g r a i n  

i s  as l a r g e  as t h e  diameter of the sample. 

no s l i p  l i n e s  were observed. 

a magnification of 200X. 

This  may exp la in  why 

These samples were photographed a t  



111. RESULTS AND DISCUSSION 

Although t h e  bulk of t h e  experiments were performed on high 

p u r i t y  copper wire (99.999 Cu) with a nominal diameter of 0.01", 

several prel iminary tests were performed on t h e  commercial grade 

0.008" copper wire using t h e  i n i t i a l  vacuum setup.  A load of 

400 gm. was appl ied t o  t h e  samples a t  a temperature of approximately 

405°C. During t h e s e  t e s t s ,  t h e  creep rate was s o  low t h a t  t h e  

l eng th  change was smaller than  the  experimental  e r r o r  ( < O . l $ ) .  

However, t h e  same sample f rac tured  immediately a f t e r  oxidat ion.  

I n  order  t o  obta in  a creep curve f o r  t h e  ''cleaned'' and oxi- 

dized sample, an experiment w a s  conducted a t  a s l i g h t l y  higher tem- 

pe ra tu re  (465°C) with a smaller  load (185 gm). The creep curve f o r  

t h i s  sample (specimen 1) is given i n  Figure 16 and t h e  r e s u l t s  a r e  

l i s t e d  i n  Table 111. 

A s e r i e s  of experiments were performed i n  t h e  redesigned 

vacuum system on high p u r i t y  copper wire  ( 9 9 . 9 9 8  Cu) with a diam- 

e t e r  of 0.01". 

and i n  Figures 17 t o  21. Also l i s t e d  i n  Table I11 a r e  r e s u l t s  on 

copper of 9 9 . 9  p u r i t y  with a nominal diameter of 0.008" 

Figures  22 and 23 give creep curves f o r  t h e s e  specimens. The t e s t s  

on high p u r i t y  copper were performed so  t h a t  t h e  creep r a t e s  of t h e  

"cleaned" and oxidized samples could be obtained a t  higher  tempera- 

The experimental r e s u l t s  are l i s t e d  i n  Table I11 

( 9 ) .  
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t u re s .  This t e s t i n g  procedure would a l s o  in su re  t h a t  t h e  vapor 

pressure  of t h e  sample was c lose  t o  t h e  t e s t i n g  pressure  of t h e  

system. 

The measurements made on high p u r i t y  copper wire  and t h e  r e s u l t s  

of t h e  t e s t s  on 9 9 . 8  pure Cu confirmed tKe prel iminary r e s u l t s  ob- 

t a ined  on commercial grade copper. These r e s u l t s  ind ica ted  t h a t  t h e  

creep r a t e  of samples t e s t e d  i n  high vacuum decreased markedly a f t e r  

oxidat  ion. 

One of  t h e  experimental  d i f f i c u l t i e s  assoc ia ted  with a high 

vacuum test  is t h a t  a d i r e c t  comparison between results obtained 

from d i f f e r e n t  specimens is  not always poss ib le .  For instance,  t h e  

temperature measurement may be inaccurate  i f  one rep laces  t h e  

sample because t h e  p o s i t i o n  of the  thermocouple may change. How- 

ever,  t he  v a r i a t i o n  of  creep r a t e  (before  and after oxidat ion)  on 

one sample should be a r e l i a b l e  ind ica tor  of changes of  t h e  sample 

because t h e  t e s t i n g  condi t ions remain t h e  same. 

G. Gorsha ( 9 )  has performed a series of experiments on s i l v e r  

under the  same genera l  experimental condi t ions.  H i s  r e s u l t s  ind i -  

cated t h e  same b a s i c  creep behavior as t h e  r e su l t s  on copper. 

However, a t  t h e  t e s t  p ressure  and temperature during which h i s  

t e s t s  were conducted, s i l v e r  does not oxidize.  These r e s u l t s  ind i -  

c a t e  t h a t  t h e  "debr i s  layer"  concept by Kramer may not expla in  a l l  

experiments. There may be a number of mechanisms responsible  for 
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t he  creep behavior of t h e  specimens. When a load i s  applied t o  a 

specimen after severe oxidation, d i s loca t ions  p i l e  up a t  t h e  sur face  

because of the  oxide f i l m .  T h i s  p i l e  up of  d i s loca t ions  exe r t s  a 

back stress which may render the  d is loca t ion  source inac t ive .  This 

e f f e c t  w i l l  r e s u l t  i n  a strengthening of t h e  mater ia l  and conse- 

quently a lower creep r a t e .  

However, t h e  oxide surface of copper i s  more b r i t t l e  than t h e  

matrix. 

i n  a s t r e s s  r a i s e r  at t h e  t i p  of  the crack. 

t h e  v i c i n i t y  of t he  crack t i p  w i l l  flow i n  order t o  r e l i e v e  t h e  

stress. Thus, t h e  sanple may neck down and f a i l  at  t h a t  point .  

A t  a s u f f i c i e n t l y  high s t ress ,  t h e  oxide may crack r e s u l t i n g  

The matrix material i n  

Severe oxidat ion may a l s o  strengthen the  copper by d i f f u s i n g  

i n t o  the  mater ia l .  

may d i f f u s e  t o  t h e  g r a i n  boundaries, thus s t rengthening them, o r  it 

may d i f fuse  t o  a d i s l o c a t i o n  and ac t  e i t h e r  as a drag on t h e  motion 

of t he  d is loca t ion  or lock  a d is loca t ion  source. 

r e s u l t i n g  e f f e c t  i s  a lower creep rate and a more b r i t t l e  mater ia l .  

T h i s  d i f fus ion  w i l l  have two e f f e c t s .  The oxygen 

I n  e i t h e r  case, t he  
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IV. SUMMARY AND CONCLUSIONS 

The experimental invest igat ions on commercial grade and high 

p u r i t y  po lyc rys t a l l i ne  copper wire indicated t h a t  specimens "cleaned" 

by ion  bombardment have a higher creep rate than  t h e  same specimens 

when badly oxidized i n  air. 

The e f f e c t  may be explained i n  p a r t  by a p i l e  up d i s loca t ion  

a t  t h e  oxide b a r r i e r .  

decreases t h e  creep rate of t h e  metal. 

s t rengthen t h e  mater ia l  by d i f fus ion  of oxygen t o  g ra in  boundaries 

and t o  d i s loca t ions .  

makes in te rgranular  s l i p  more d i f f i c u l t .  Since the  oxide sur face  is  

more b r i t t l e  than  t h e  matrix, a crack i n  t h e  oxide w i l l  produce high 

s t r e s s e s  which may i n i t i a t e  necking of t h e  matrix and f r ac tu re .  It 

is, however, a l s o  poss ib le  t h a t  oxygen d i f f u s e s  i n t o  t h e  metal and 

e i t h e r  i n h i b i t s  operat ion of d i s loca t ion  sources,  o r  increases  t h e  

f r i c t i o n a l  fo rce  on moving d is loca t ions .  

This p i l e  up and t h e  back s t r e s s  produced 

I n t e r n a l  oxidat ion may a l s o  

The d i f fus ion  of oxygen t o  g ra in  boundaries 

However, p re sen t ly  it i s  not poss ib le  t o  develop a model t o  

expla in  uniquely t h e  experimental results. 
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TABLE I 

Creep-Rupture Resul ts  For Nickel I n  A i r  And I n  Vacuum 

Fine-Grained Material 

1200 

1500 

12000 

goo0 

6000 

4500 

5000 

4000 

3500 

3000 

2500 

2000 

~~ 

A i r  
Vacuum 

A i r  
Vacuum 

A i r  
Vacuum 

A i r  
Vacuum 

A i r  

A i r  
Vacuum 

A i r  

A i r  
Vacuum 

A i r *  
Vacuum 

A i r *  
Vacuum 

3.0 
6.2 

19.3 

179 8 
197.4 
807.1 
768.6 

3.2 

7.3 
9.5 

20.3 

53.9 
23.5 

4000.0+ 
48,5 

3000 DO+ 
111 8 

29.5 

3.0 
1.9 
0.48 
0.33 

0.030 

0.0072 
0.0066 

1.9 
0.83 
0.58 

0 035 

0.24 

0.12 
0.18 

0.061 

0.0005 
0.025 

0 e 0003 

Coars e-Grained Mater ia l  

1500 4000 

3000 

2500 

2000 

A i r  
Vacuum 

A i r  
Vacuum 

A i r  
Vacuum 

A i r *  
Vacuum 

1.9 
2.8 

8.1 
13.5 
62.1 
19- 5 

3817. o+ 
39.5 

2.16 
1.6 
0.33 
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PHOTOGRAPH 11 

PHOTOGRAPH I11 

FRACTURED TIP OF THREE C u  SAMPLES (99.9% P U R I T Y )  
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PHOTOGRAPH I V  

FRACTURED TIP  OF A H I G H  P U R I T Y  C u  SAMPLE 
( 99 999% P U R I T Y )  

PHOTOGRAPH V 

GRAIN S I Z E  OF AS RECEIVED 99.999% P U R I T Y  C u  SAMPLE 



PHOTOGRAPH V I  

GRAIN SIZE OF 99.999% PURITY Cu SAMPLE ANNEALED 
AT 885OC AND TESTED AT 860Oc 

PHOTOGRAPH V I 1  

GRAIN SIZE OF 99.9 % PURITY Cu SAMPLE ANNEALED AT 
773OC AND TESTED AT 517OC 
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0 1.0 200 3.0 

TIME (HOURS) 
FIGURE 2 CREEP CURVES AT 1500°F 

AND 4000 PSI 

Al-  37 
SPEC RATE OF METAL REMOVAL t - 600 
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H 
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ii 200 cn 

1 2 3 4 5 
SHEAR STRESS (PERCENT) 

FIGURE 3 THE EFFECT OF RATE OF SURFACE REMOVAL 
ON THE STRESS STRAIN CURVES OF A1-37 
(TEMPERATURE 3 O C  AND STRAIN RATE 
10- 5 SEC’l) 
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4001 I I I I I 
4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2 

SHEAR STRAIN (PERCENT ) 

FIGURE 4 THE EFFECT OF CHANGE OF SLOPE I N  THE 
RATE OF REMOVAL ON THE SLOPE OF THE 
FLOW CURVE 

0 1 2 3 

STRAIN (PERCENT) 

FIGURE 5 STRESS-STRAIN CURVE FOR A COMMERCIALLY 
PURE ALUMINUM (1100.0) DEFORMED WHILE 
THE SURFACE WAS REMOVED AT A RATE OF 
25 x 10-5 I N / M I N  
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ULTRA H I G H  
VACUUM GAUGE 

3 

SPECIMEN 

SPECIMEN 

SOLENOID 

HOLDER 

2 LOAD SUPPORT WIRElBEFORE 
AND AFTER TESTI,NG C 

LOAD RELEASE 
MECHANISM 

I 

&.NICHROME WIRE D 

PYREX TUBE (O.D.  = 1") r 
F I G .  11 CREEP T E S T  APPARATUS 
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THERMOCOUPLE 
I 

NICHROME WIRE A '  

LOAD AND LOAD 
RELEASE MECHANISM 

SILICA TUBE 

NICHROME WIRE A 

SAMPLE 

SILICA TUBE C 

NICHROME WIRE A I- 

FIG. 1 2  SAMPLE AND SAMPLE SUPPORT (SCHEMATICALLY) 



30 

GLASS VALVE 
TO ARGON SUPPLY,THERMOCOUPLE 

PRESSURE GAUGE 
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F I G .  1 3  SCHEMATIC DIAGRAM OF REDESIGNED VACUUM SYSTEM 



39 

7 4 

El 
El 
H 

tn 
tn 
0 

7 - 

1 

I -.I 
I 1 

Q w E w E 
Q w E E 
u 
H 



') WIRE SYSTEM TO - 
MEASURE LENGTH 
CHANGES OF SAMPLE 

FLEXIBLE ELECTRI- - 
CAL CONNECTION 
FROM SAMPLE TO 
ELECTRICAL FEED 
THROUGH 

PUMP, LOAD SUPPORT AND 
ELECTRICAL FEED THROUGH 

40 

- STAINLESS STEEL TUBE 
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FIG. 1 5  SCHEMATIC DIAGRAM OF TEST SECTION 
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I LOAD 185 Rr TEST TEMPERATURE 46OoC 
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I I I 
LOAD 185 gr TEST TEMPERATURE 4 6 5 O C  
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CLEAN 
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FIG. 1 6  CREEP TEST OF 0.008 I N C H  Cu WIRE SPECIMEN CLEANED AND TESTED, THEN 
OXIDIZED AND TESTED 
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